Background Fibrous dysplasia of bone is a skeletal dysplasia with a propensity to affect the femur in its polyostotic form, leading to deformity, fracture, and pain. The proximal femur is most commonly involved with a tendency to distal progression, thereby producing the typical shepherd's crook deformity. However, there are few data on the spectrum and progression of femoral deformities in polyostotic fibrous dysplasia. Questions/purposes The purposes of this study were (1) to develop a radiographic classification for polyostotic fibrous dysplasia;
interobserver reliability; and (3) to characterize the radiographic progression of polyostotic fibrous dysplasia in a population of patients with the condition who were treated with a variety of approaches at several centers. Methods We retrospectively reviewed radiographs of 127 femurs from 84 adult patients affected by polyostotic fibrous dysplasia. Fifty-nine femurs had undergone one or more operations. The radiographs were evaluated in the coronal plane for neck-shaft angle and angular deformities along the whole femoral shaft down to the distal epiphysis. Four observers evaluated each film two times at intervals; intra-and interobserver reliability testing was performed using the kappa statistic. Eighty-nine femurs (70%) were available for followup to evaluate for progression at a mean of 10 years (range, 6-20 years). Results Six reproducible patterns of deformity were identified in both untreated and operated femurs: type 1 (24%), normal neck-shaft angle with altered shape of the proximal femur; type 2 (6%), isolated coxa valga with neck-shaft angle[140°; type 3 (7%), isolated coxa vara with neck-shaft angle\120°; type 4 (20%), lateral bowing of the proximal half of the femur associated with normal neck-shaft angle; type 5 (14%), like in type 4 but associated with coxa valga; and type 6 (29%), like in type 4 but associated with coxa vara. Interobserver and intraoberver kappa values were excellent, ranging from 0.83 to 0.87. In 46 of the 89 femurs (52%) for which longitudinal radiographic documentation was available, there was progressive worsening of the Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA-approval status, of any drug or device prior to clinical use. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. This work was performed at the University of Rome Tor Vergata, Rome, Italy.
Introduction
Polyostotic fibrous dysplasia is an uncommon skeletal disease caused by somatic activating mutations in the cAMPregulatory protein Gsa [19, 22] . Normal bone and bone marrow are replaced by abnormal proliferative osteogenic precursors [1, 17, 18] , leading to deformity, fracture, functional impairment, and pain [2, 9, 13, 14] . Polyostotic fibrous dysplasia may occur in association with cutaneous hyperpigmentation and hyperfunctioning endocrinopathies, including hyperthyroidism, precocious puberty, growth hormone excess, hypercortisolism, and fibroblast growth factor-23-mediated hypophosphatemia. The combination of polyostotic fibrous dysplasia and one or more extraskeletal manifestations is termed McCune-Albright syndrome.
The proximal femur is one of the most frequently affected sites in individuals with polyostotic fibrous dysplasia [3, 6-8, 10, 21] . Mechanical stress and repeated fractures result in progressive varus and bowing, leading to the classical shepherd's crook deformity first described by von Reklingausen in 1891 as reported by Ulligan [20] . Management of these deformities is challenging, because they vary from case to case and they often tend to progress despite surgical intervention [3, 5, 7, [10] [11] [12] . However, to our knowledge, no radiographic grading system has been validated using intra-and interobserver reliability testing or found to be useful in terms of predicting progression of osseous deformity.
In this study, we performed a retrospective radiographic review in a large cohort of patients with polyostotic fibrous dysplasia to classify the variety of femoral deformities and to correlate the deformity pattern with the surgical correction required. We therefore sought to [1] develop a radiographic classification for polyostotic fibrous dysplasia; [2] test this classification's intra-and interobserver reliability; and [3] characterize the radiographic progression of polyostotic fibrous dysplasia in a population of patients with the condition who were treated with a variety of approaches at several centers.
Patients and Methods

Demographics
We searched the databases of three treatment centers from 1994 to 2009 to identify all patients with polyostotic fibrous dysplasia treated at those centers during that time. We found 92 patients (138 femurs), of whom 84 (127 femurs) had records complete enough to begin our analysis; to be considered complete, a medical record had to have a good-quality AP radiograph of the hip, the chart notes with diagnosis, and the treatment records of any surgery performed
The treatment centers were the National Institute of Health, Bethesda, MD, USA, and the Department of Orthopaedic Surgery, University of Tor Vergata, Rome, Italy.
Of the 84 patients, 38 were male and 46 female; 43 had bilateral femoral involvement and 41 had unilateral involvement. Fifty-nine patients had McCune-Albright syndrome and 25 polyostotic fibrous dysplasia alone. At the time of the last radiographic examination, all the femurs were skeletally mature. The mean age of the patients at the time of the last radiograph was 30 years (range, 16-52 years). For 89 femurs (57 patients, 70% of the initial study cohort), weightbearing radiographic documentation was available from a mean of 10 years before the final followup radiographs (range, 6-20 years), whereas for 38 femurs, only weightbearing radiographs taken at the final followup were available. In subjects with radiographic documentation spanning several years before the final followup, only the last radiograph of the femur was selected for the classification.
Radiographic Evaluation
The femoral radiographs were examined twice by four of the authors (EI, PF, AC, FDM) with an interval of 6 weeks. Of the four authors who read the radiographs, three were orthopaedic surgeons and one was a pathologist. The readers who were blinded to each other had postfellowship professional experience ranging from 10 to 40 years. The following parameters were evaluated: [1] location of fibrous dysplasia (FD) lesions within the femur; FD was identified by the presence of at least one of the following features: (a) typical ''ground glass'' appearance, (b) increased or decreased radiodensity, (c) bone cysts, or (d) enlargement and/or irregularity of the femoral profile; [2] presence and extent of the shaft cortices and the medullary canal; [3] neck-shaft angle measurement on the AP view; the angle was measured between the axis of the femoral neck and the anatomical axis of the femur. When a lateral bowing deformity was present in the proximal femoral shaft below the lesser trochanter (shepherd's crook deformity), the neck-shaft angle was identified by the intersection of the axis of the femoral neck and the anatomical axis of the trochanteric segment located above the deformity. The neck-shaft angle of the normal femur in the unilateral cases served as controls; [4] proximal and distal femoral deformities: bowing deformities of the femoral shaft in the coronal plane were identified as the angle formed by the axis of the two adjacent segments of the femur encompassing the deformity. Distal juxtaarticular deformities were identified by drawing one line parallel to the articular surface of the femoral condyles, a second line intersecting the first line with 87°of lateral angulation and coincident with the midpoint of the intercondylar notch (representing the mechanical axis of the femur), and a third line representing the anatomical axis of the distal femoral shaft. The angle formed by the two femoral axes normally ranges from 3°to 7°. Any increase (valgus) or decrease (varus) with respect to that range was considered a juxtaarticular deformity of the distal femur [4, 15, 16] ; [5] progression of the lesion(s) from the first to the most recent film; [6] operated cases and fixation devices applied; and [7] intraobserver and interobserver agreement for parameters 3 and 4.
Description of Classification System
We identified six patterns of deformity of the proximal part of the femur according to the neck-shaft angle measurement and the presence or absence of lateral bowing of the proximal femoral shaft. In the first three types, lateral bowing of the femur was absent; in type 1, the neck-shaft angle was normal, ranging from 120°to 140°( Fig. 1) ; in type 2, the neck-shaft angle measured more than 140°( coxa valga) ( Fig. 2 ), whereas in type 3, the neck-shaft angle measured less than 120°(coxa vara) ( Fig. 3 ). In types 4, 5, and 6, lateral bowing of the proximal part of the femoral shaft was present, associated, respectively, to a normal neck-shaft angle (type 4) ( Fig. 4 ), coxa valga (type 5) ( Fig. 5 ), and coxa vara (type 6) ( Fig. 6 ).
Statistical Analysis: Intra-and Interobserver Agreement
We validated our grading system by calculating the kappa score for both intra-and interobserver agreements. The femoral radiographs were examined twice by four of the authors (EI, PF, AC, FDM) with an interval of 6 weeks. Note that Cohen's kappa is a measure of association (correlation or reliability) between two measurements of the same individual when the measurements are categorical. Kappa is often used to study the agreement of two raters such as judges or doctors. Each rater classifies each individual into one of the categories. The statistically significant kappa test indicates that we should reject the null hypothesis that the ratings are independent (ie, kappa = 0) and accept the alternative that agreement is better than one would expect by chance. Rules of thumb for kappa are that values \ 0.40 indicate low association; values between 0.40 and 0.75 indicate medium association; and values [ 0.75 indicate a high association between the two raters.
Treatments Used and Progression of Disease
The general indications for surgery were femoral fractures, femoral deformities, and painful femurs without either fracture or deformity. The indications for surgery were similar in the two centers in which surgical treatment was performed. Progression of deformity was evaluated by four of us (EI, PF, AC, FDM) in all 59 surgically treated femurs, and in 30 femurs not operated on, on serial AP radiographs of the femur taken periodically for a minimum of 6 years to a maximum of 20 years from surgery (mean, 10 years).
Results
Classification System
Thirty (24%) of the 127 affected femurs were classifies as type 1 with a normal neck-shaft angle. In these femurs, areas of abnormal bone were primarily located in the trochanteric area, extending for a short distance proximally into the femoral neck and distally into the femoral shaft. The proximal femoral profile was altered in those cases. Eight femurs with coxa valga (6%) were classified as type 2. In these femurs, the pattern of proximal femoral involvement was similar to those with a normal neck-shaft angle, involving primarily the trochanteric area. Nine femurs with coxa vara (7%) were classified as type 3. In these femurs, both the femoral neck and the intertrochanteric area were fully involved with FD, but the femoral shaft below the lesser trochanter was either uninvolved or mildly involved. In 80 cases (63%), there was lateral bowing of the proximal femoral shaft; 25 affected femurs (20%) were classified as type 4; in these cases, the lateral bowing was associated with a normal neck-shaft angle. Eighteen femurs (14%) were classified as type 5; in these cases, the lateral bowing was associated with a coxa valga; and 37 femurs (29%) were classified as type 6, in which the lateral bowing was associated with a coxa vara.
Distal deformities were present in 48 femurs (38%). In six femurs, a valgus deformity was observed between the diaphysis and the metaphysis. Twenty-seven femurs were affected with a distal juxtaarticular valgus deformity ( Fig. 1) , whereas in three, a valgus deformity was present at both levels (Figs. 5, 6 ). In nine femurs, a varus deformity was present between the diaphysis and the distal metaphysis, and in three cases, it was associated with a juxtaarticular valgus deformity (Fig. 3 ). Juxtaarticular valgus deformity was observed in five cases of type 1, two cases of type 3, eight cases of type 4, six cases of type 5, and nine cases of type 6 deformities. No case of type 2 presented this associated deformity. In 21 femurs (16%) there were circumscribed areas of FD interspersed with normal bone in the proximal femur ( Fig. 1) , whereas in 19 (15%), there was diffuse involvement from the femoral neck extending downward into the shaft. In all those cases, femoral shaft cortices were present, although they were thinner than normal in some cases ( Figs. 1-3 ). Eighty-seven femurs (69%) were completely involved from the neck to the condyles and the shaft cortices were absent ( Figs. 4-6 ). In 24 femurs, an expansive lesion was located within the trochanteric area, altering the profile of the proximal part of the bone (Figs. 4-6 ). Thirty femurs had cystic lesions in the intertrochanteric or subtrochanteric areas (Figs.1, 2) . Five femurs presented a soap bubble appearance with small, rounded cysts filling the entire bone (Fig. 7) .
In femurs with prevalently proximal involvement, the medullary canal was almost entirely present in the distal shaft (Figs. 1, 2) . In femurs with total FD involvement, the medullary canal was absent ( Figs. 4-6 ). Cortices were either thin or absent in areas of femoral shaft involvement, whereas they appeared to present normal thickness in areas with a normal medullary canal ( Figs. 1-6 ).
Intra-and Interobserver Agreement
Intra-and interobserver agreement both were excellent using the grading system proposed here. The kappa score for interobserver agreement was 0.855, whereas the kappa score for intraobserver agreement was 0.851, 0.871, 0.852, and 0.833. The highest percentage of erroneous classification was for types 1, 2, and 3 (in cases with mild shepherd's crook deformity) versus types 4, 5, and 6.
Progression of Disease
Of the 30 femurs still untreated at followup radiographic examination, 18, classified as type 1 and 2, did not progress to a more severe pattern. Two femurs were type 3, and in one of these there was worsening of coxa vara. In the remaining 10 femurs, four type 4 and six type 6, the deformity remained the same but its severity progressed.
Of the 23 femurs stabilized with a hip screw-plate or blade-plate, 18 had recurrence of the deformity (Fig. 8) , whereas in five, the deformity remained stable. In the latter cases, femoral shaft cortices were present (types 1-3). Of the 16 femurs stabilized with elastic intramedullary nails, the deformity recurred in all of them ( Fig. 9 ). In those cases, shaft cortices were either absent or poorly represented (types 4-6). Of the 20 femurs stabilized with rigid intramedullary nails, the deformity remained stable in the 14 cases in which a cervicodiaphyseal device had been applied (Fig. 10 ). In the other six cases, in which only a rigid diaphyseal intramedullary nail had been applied, the diaphyseal deformities kept their correction but the femoral Fig. 7 Very severe type 4 deformity in a 30-year-old woman with diffuse FD cystic involvement, which gives the femur a soap bubblelike appearance, suggesting severe bone weakness. neck deformity shifted into varus in all cases (type 3) (Fig. 11) . The proposed classification system was useful in terms of predicting progression. The original deformity did not worsen in types 1 and 2, whereas types 3 to 6, which were either virgin cases or cases operated on with peripheral plates or elastic intramedullary nails, became worse as did the cases in which a rigid intramedullary nail had been applied after correction of a type 4 or 6 deformity. In the latter, a type 3 deformity was observed that worsened in time. Overall, in 51 of the 89 femurs (57%) for which longitudinal radiographic documentation was available from an average of 10 years before the last followup examination, there was progressive worsening of the original deformity, although the pattern remained the same.
Discussion
Fibrous dysplasia, although uncommon in the population, is a condition that most major referral centers will take care of as part of their tumor practices. To our knowledge, there has been no prior systematic attempt to classify the spectrum of proximal femoral deformities in polyostotic fibrous dysplasia. Through a retrospective review of the largest reported cohort of patients with FD femoral involvement, we were able to identify six distinct patterns of femoral deformity based on a combination of the neck-shaft angle and the presence or absence of proximal shaft lateral bowing. This proposed classification thus may serve as a tool for both evaluating the severity of the disease and planning realignment osteotomies in complex cases.
There were a number of limitations inherent in our study design. First, the deformities were evaluated only in the coronal plane, because our system was based on the AP radiograph only. Therefore, we could have underestimated recurrence/progression of the deformity in the sagittal plane. However, the few lateral view radiographs available in our material always showed the presence of anterior bowing of the femoral shaft. This finding has been confirmed by our surgical practice and reported by others [11] . Also, the analyses were retrospective and limited to radiographs. Thus, we did not have access to the subjects' medical histories or clinical aspects, which may have impacted the progression of their femoral deformities. It is also important to note that we lost some patients to followup, and so the percentage of patients who progressed could be low-end estimates. Some patients might have had disease progression and reoperation by other centers if they were lost to followup. In addition, we have related the progression of the disease to our classification system and to the treatment performed, not considering other predictors of progression.We also note that we do not have sufficient numbers to compare different treatment approaches in the different types of deformities to determine what surgical approaches are best for each. Finally, the limited number of patients for whom radiographs taken during growth were available did not allow us to draw any conclusions regarding either the pattern of deformity or treatment in children.
Our classification may be useful for indicating surgical treatment, but we caution readers that our sample was not sufficiently large to compare different treatments within subtypes, and there were no controls used; the recommendations here are intuitive in nature based on the mechanics of the deformities in question. Future studies will need to determine the efficacy of these recommendations. Types 1 and 2 deformities very often undergo stabilization for pain as a result of microfractures, although they do not progress in terms of deformity. The neck-shaft angle does not need correction because it is normal in type 1 and in a biomechanically stable valgus position in type 2. Type 3 deformity expressed by coxa vara can be treated using valgus intertrochanteric osteotomy, because it causes Trendelenburg gait and pain, and it may worsen, as observed in some of our cases with long-term followup. Both types 4 and 5 deformities may benefit from correction by femoral shaft osteotomy alone, because the femoral neck-shaft angle is normal in type 4 and valgus in type 5. If the proximal lateral femoral bowing encompasses a long segment of the femoral shaft, two osteotomies might be necessary to correct the deformity. In type 6 deformity, a valgus intertrochanteric osteotomy should be added to fix the varus deformity of the femoral neck. All the distal deformities, whenever present, should be corrected by additional osteotomies centered at the apex of the deformity [15, 16] . Preoperative planning for correction of the deformities should be very accurate because the presence of opposite deformities along the femur, very often proximal lateral bowing and distal medial bowing, might result in correction of the proximal varus lateral bowing and worsening of the distal medial bowing or juxtaarticular valgus deformity, whenever present. In those cases, a concomitant distal osteotomy with opposite correction should be planned.
We found high intra-and interobserver reliability using this classification. Similar intra-and interobserver intraclass correlation coefficient values were obtained by Feldman et al. [4] in lower limb deformity measurements in the frontal plane to plan surgical correction. The high degree of intra-and interobserver agreement in our study suggests that this classification system will be reproducible in other centers. Not surprisingly, the extent of femoral involvement was predictive of both the types of deformities and the progression of the deformities over time. In subjects with the disease limited to the proximal femur, the predominant deformity patterns were types 1, 2, and 3. Subjects with total femoral involvement presented most frequently with types 4, 5, or 6 deformities, which had a trend toward worsening in time. The most frequent distal femoral deformity was valgus, occurring at either the distal metaphysis or the distal epiphysis (juxtaarticular). The latter deformity seemed to be related to overgrowth of the medial condyle. Varus deformity was rarely observed at the level of the distal femoral shaft. Distal femoral deformities were most frequently associated with types 4, 5, and 6 deformities. It is likely that both mechanical and biological factors (ie, asymmetrical growth of the distal femoral physis) underlie distal femoral deformities.
An analysis of nonoperated and operated femurs suggests that surgery may be beneficial for types 3 to 6, which had the greatest risk of progression. Appropriate choices for surgical devices need to be made to minimize the likelihood of recurrence of the original pattern of deformity.
In conclusion, we present a systematic classification of proximal femoral deformities based on the largest reported cohort of subjects of which we are aware with polyostotic fibrous dysplasia involving the femur. Femoral deformities can be classified into six types based on the neck-shaft angle and the presence or absence of lateral shaft bowing. Types 1 and 2 deformities usually do not progress and they may need stabilization when they become painful, whereas types 3 to 6 deformities may recur even with treatment. Type 3 may be corrected using an intertrochanteric osteotomy to fix coxa vara; types 4 and 5 may be corrected by one or more proximal femoral shaft osteotomies, whereas type 6 may benefit from an intertrochanteric osteotomy to fix coxa vara and one or more osteotomies to correct shepherd's crook deformity. Whenever present, all the associated distal deformities should be corrected accordingly by the appropriate osteotomy.
